Neurons that connect the two sides of the nervous system project their axons across the midline. New studies provide evidence for a conserved gatekeeping mechanism that controls this midline crossing. From 'simple' coordinated locomotion to the integration of higher cognitive functions, the generation of many behaviors relies on communication between the two sides of the nervous system. Underscoring the importance of this cross-talk is the fact that a substantial fraction of neurons within the central nervous system (CNS) actually project across the midline to the opposite, contralateral, side, rather than stay on the same, ipsilateral, side. In those nervous systems with bilateral symmetry, distinct groups of cells at the midline divide the two halves and play a critical role in regulating axon traffic.
From 'simple' coordinated locomotion to the integration of higher cognitive functions, the generation of many behaviors relies on communication between the two sides of the nervous system. Underscoring the importance of this cross-talk is the fact that a substantial fraction of neurons within the central nervous system (CNS) actually project across the midline to the opposite, contralateral, side, rather than stay on the same, ipsilateral, side. In those nervous systems with bilateral symmetry, distinct groups of cells at the midline divide the two halves and play a critical role in regulating axon traffic.
In Drosophila and other insects, neurons project their processes within major tracts of axons: the bilaterally symmetrical longitudinal connectives, which run the length of the CNS, and the commissures that connect the two sides. Crossing axons traverse the midline in the commissures and, upon reaching the contralateral side, turn along specific pathways within the connective. A set of midline glial cells positioned between the connectives are in intimate contact with the growth cones and axons of crossing neurons and are essential for the formation of the commissures. Similarly, in the vertebrate spinal cord, axons of commissural neurons that cross to the contralateral side pass through the floor plate, a specialized set of non-neuronal cells situated at the ventral midline.
The CNS midline secretes diffusible factors capable of attracting contralaterally projecting axons. These factors, called the Netrins, were identified in vertebrates several years ago and found to be homologous to the Unc-6 protein of the nematode Caenorhabditis elegans [1] . Subsequently, Netrins were identified in Drosophila where, as in vertebrates, they too are expressed at the midline and function to attract commissural axons [2, 3] . Thus, identification of the Netrins was one of the first indications of a deeprooted conservation in CNS midline function. The emerging picture from studies in all three systems, based in large part on initial genetic analyses in C. elegans [4] , is that the Netrins/Unc-6 are capable of acting as bifunctional cues, attracting some axons to the midline via the DCC/Unc-40/Frazzled receptor and repelling others via the Unc-5 receptor (see [5] for recent review).
Once attracted to the midline by diffusible factors such as the Netrins, how do the growth cones of crossing axons eventually leave it? And what prevents them from crossing again? There is growing evidence that once axons arrive at the midline, local contact-mediated repulsive and attractive guidance cues operate to guide crossing. For example, in grasshopper embryos, the growth cone of the first pioneering commissural neuron rapidly retracts upon initial contact with the midline, but appears to overcome this inhibition and eventually crosses [6] . And studies in chick have implicated the interaction between two cell adhesion molecules, NrCAM on floor-plate cells and Axonin-1 on growth cones, in allowing commissural axons to enter the floor plate [7] .
A trio of recently published papers, two describing work in flies by Kidd et al. [8, 9] , and one in nematode by Zallen et al. [10] , begin to illuminate what may turn out to be a conserved fundamental mechanism controlling midline crossing. Two cell-surface proteins are key players. The first, Commissureless (Comm), is a novel transmembrane protein expressed on midline cells. The second, Roundabout (Robo), like NrCAM and Axonin-1, is a member of the immunoglobulin superfamily, a class of proteins that contains a number of cell adhesion molecules and receptors. Robo is expressed on growth cones and axons of developing neurons.
The story begins with a genetic screen in Drosophila. Both the comm and robo genes were identified in a large-scale screen for mutations that alter midline crossing of axons during embryogenesis [11] . In comm mutant embryos, neurons that would normally project contralaterally fail to extend axons across the midline, and instead project ipsilaterally, essentially uncoupling the two sides of the CNS. Mutations in robo have the opposite phenotype: neurons that normally would project ipsilaterally now project across the midline, often re-crossing it several times. These two results alone suggested that comm might function in midline attraction and robo in midline repulsion. However, a key insight was gained when robo; comm double mutants were examined: they look identical to embryos mutant for robo alone, with many axons abnormally crossing and recrossing the midline [11] . Therefore, comm is not required for midline crossing in the absence of robo, leading the authors to speculate that comm might actually function not as an attractive cue for midline crossing, but rather as a negative regulator of a midline repellent function of robo. The cloning and analysis of both genes has provided compelling support for this model [8, 9, 12] .
The robo gene is widely expressed throughout the Drosophila embryonic CNS by most, if not all, developing neurons. Robo protein, though, is regionally restricted on their axons and growth cones [8] . High levels of Robo are observed within the longitudinal connectives on ipsilaterally projecting growth cones, as well as on contralateral growth cones once they have crossed the midline. In contrast, little or no Robo is present on the surface of contralaterally projecting growth cones and axons as they extend toward and across the midline within the commissures. Together with the demonstration that robo function is required autonomously by neurons to prevent them from crossing abnormally [8] , this observation is consistent with the idea that Robo mediates a repulsive signal that must be down-regulated in order for a neuron to cross the midline.
The first clue that Comm might be involved in Robo down-regulation came from careful examination of those few axons that manage to cross the midline in some comm mutants. Unlike in wild-type flies, these axons express levels of Robo normally seen only in the connectives. The idea of Comm involvement was further supported by the results of misexpressing it throughout the CNS [9] . In these embryos, the levels of Robo are drastically reduced and the CNS shows a robo-like phenotype. Higher levels of Comm result in lower levels of Robo and a more extreme robo-like phenotype. Thus, the opposing activities of Robo and Comm appear to control midline crossing.
Collectively, these studies in flies suggest that midline crossing is governed by a series of events illustrated in Figure 1 . Robo acts as a guidance receptor for a repellent molecule expressed at the midline. Once contralaterally projecting neurons contact the midline, perhaps having been attracted there by diffusible factors like the Netrins, Comm protein on the midline cells signals the neurons to down-regulate Robo on their growth cones. Robo's midline-repulsion function is thus mitigated, thereby allowing the axons to cross. Once across, Robo is up-regulated, repelling the axons from the midline on the other side and preventing them from re-crossing. Using a term coined by the authors, Robo and Comm collaborate in a 'gatekeeping' mechanism for axon crossing.
Not all neurons that normally contact the midline end up crossing, raising the question of what determines which will cross and which will not. One possibility, supported by the dosage sensitivity of Robo and Comm [9] , is that the choice might be dictated by the initial levels of Robo. In this scenario, growth cones that express lower levels of Robo from the outset would be more sensitive to Comm-mediated down-regulation and would cross, whereas growth cones expressing high levels of Robo would be refractory to Comm's action and thus be repelled ipsilaterally. Another possibility, suggested by the observation that overexpression of Robo in the CNS does not appear to cause a dramatic comm-like phenotype [8] , is that neurons may possess differential sensitivity to Comm because they express different levels of a putative Comm receptor.
How universal might this mechanism be? Several Robo homologs have been identified in other species, clearly defining a new subfamily of immunoglobulin superfamily proteins [8] . There are at least two homologs in rat, two in humans, a second in Drosophila, and at least one in C. elegans. Like Robo, the C. elegans homolog Sax-3 was identified in a screen for mutations affecting axon guidance [10] . Mutations in sax-3 cause axons abnormally to cross and recross the midline between the left and right axon bundles of the ventral nerve cord, a phenotype strikingly similar to that of fly robo mutants. This is all the more remarkable considering the substantial differences between the nematode and Dispatch R103
Figure 1
A model for how Drosophila Comm and Robo act to guide midline crossing. Neurons project axons in the major tracks of the nervous system (shown in gray). For neurons that project contralaterally, Robo is down-regulated by Comm when they contact the midline (1). This is likely to involve an unidentified receptor for Comm on the growth cones. Down-regulation of Robo renders the neuron unresponsive to the putative repellent Robo ligand expressed at the midline, and the axons cross (2). Once they cross the midline, growth cones upregulate Robo, thereby preventing re-crossing (3). The mechanism underlying this up-regulation is unknown, but may involve inactivation of the putative Comm-receptor complex. Neurons that normally do not cross the midline (bottom two neurons) are refractory to Commmediated down-regulation of Robo and are repelled ipsilaterally. The refractoriness of these neurons may be due to either the expression of higher levels of Robo from the outset or the lack of expression of a Comm receptor. The Netrins would be a natural choice, given their bifunctional roles in both attraction and repulsion. But arguing against this is a lack of genetic interaction between robo and Netrin mutations, and the finding that Robo-positive axons still do not cross the midline in Netrin mutants [9] . Therefore, the search continues for the Robo ligand.
Finally, one of the rat robo homologs, R-robo1, has been shown to be expressed by neurons in the developing spinal cord [8] , suggesting that the conservation of Robo function may extend to vertebrates. From searches of available database sequences, no Comm homologs have yet been found outside of Drosophila. But given the remarkable degree of conservation exhibited by the CNS midline to date, it would not be surprising to find that similar gatekeeping mechanisms involving both Robo and Comm homologs operate in all complex nervous systems.
